Abstmct -A breakdown model for the output characteristics of the bipolar transistor (bjt) has been developed. The behavioral modeling capability of PSPICE, a popular SPICE program (with Emphasis on Integrated Circuits) was used to implement the macromodel. The model predicts bjt output characteristics under breakdown conditions. Experimental data was obtained to verify the macromodel. Good agreement exits between the measured and the simulated results.
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There is an increasing need for accurate modeling of the breakdown phenomena in bipolar transistors. None of the commonly available versions of SPICE have a breakdown model for the bipolar transistor. While the program is widely used as an electronic circuit design tool by designers, users can not rely upon SPICE for the calculation of breakdown voltages, even at a very basic level. The same deficiency exists with SABER, even though it is represented as a more powerful circuit simulator. Breakdown calculations for the bipolar transistor can become very complicated because of the interaction of external circuitry with the device breakdown phenomena. Even if the applied voltages are far below the breakdown level, there is a possibility of having large currents in the collector-emitter as a result of pre-breakdown effects. This may have significant effects on circuit operation. Cases of complete failure of integrated circuits, due to the lack of modeling the breakdown features, have been reported by industry [l] . The necessity for the development of an effective bjt breakdown model to be used with circuit simulators is thus felt.
Investigations into the physics of the breakdown mechanism and its mathematical formulation have been done by a number of researchers [2-51. These works are based on the assumption that in a pn junction, the avalanche multiplication of carriers initiates the breakdown at a certain peak electric field. The value of the critical electric field determines the actual reverse breakdown voltage. A semi-empirical formula for the avalanche multiplication factor M is used in the calculations. The same approach is applied for the calculation of breakdown voltages in bipolar transistors. Although the approach supplies results of the right behavior, it is not in a form that can be easily implemented in circuit simulators. A macromodel, based on physical breakdown considerations has been developed and implemented in a circuit simulator program [6] . While the model predicts satisfactory results for the calculation of the breakdown characteristics of the bjt, it causes convergence problems in some practical circuit applications when it is implemented within the SPICE framework.
Considering all these limitations, there is a great need for a robust model which predicts bjt breakdown characteristics under any circuit arrangements and which does not cause convergence problems when implemented in common SPICE simulators. To determine if the model is robust several conditions need to be met. The family of output characteristic curves and the effect of the external base resistance on the breakdown voltage, BV, , , should be simulated by the model. Typically, the circuit designer has a knowledge of the breakdown voltages, BV,,, and BV, , , measured at a specific current level I,, (referred to as the breakdown current). ' " /&y, IC, (8'' ""-1)
The parameters associated with the breakdown model can be extracted from these values and the measured characteristic curves. Figure 1 shows typical measured data for the breakdown voltages BV, , and BV, , for an npn transistor for which the breakdown model parameters were calculated. 
DESCRIPTION OF THE MODEL
The best approach is to develop a model based on the physical breakdown phenomenon of the device. To achieve this, two current sources are used to model the output breakdown effects (Figure 2 ). In the collector-base junction, the reverse leakage current is increased as the junction voltage increases and approaches the breakdown voltage. A current source flowing from the collector to the base is used to approximate this current. With the base terminal open, the current works as an effective base current that is amplified by the transistor action. In this case, the bipolar action of the transistor greatly increases the overall collector current and the breakdown voltage, BVis lower than in any other configuration. On the other hand, if the base is shorted to ground, the collectorbase leakage current is not amplified by the transistor bipolar action. The increase in the collector current will then be limited to the increase in junction reverse current. For this reason, the breakdown voltage for this circuit configuration (BV,,) is larger than BV,,. For other circuit configurations that have a net effective base resistance to the transistor, part of this current will be fed to the base. The result is that the breakdown voltage of the transistor will depend heavily on the resistive load seen by the base. Equation (1) shows the functional form of the current source used to model the breakdown effect in this junction.
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I mEtOl However, the breakdown action of the transistor is not completely modeled by the inclusion of the reverse current for the collector-base junction. The forward collector current of the transistor, initiated by the emitter-base forward biased junction, gets amplified by the avalanche multiplication action of the collector-base junction. The additional component of the collector current is proportional to the collector current with no breakdown effects (El in Equation 2 ). This is the current that is initiated at the forward-biased emitter-base junction and injected into the collector-base depletion region. To model the effect of this additional avalanche effect, a second current source between collector and emitter is added.
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is the collector current without any multiplication effects. For any specific transistor, parameters a l , yl, and I, should be calculated from the measured breakdown characteristics. With small collectorbase voltages, both current sources I, and I, , will diminish and the transistor model will reduce to the normal Gummel-Poon model. At higher junction voltages; however, both current sources will contribute to the overall collector current. The extraction procedure for the breakdown parameters is described in an appendix at the end.
RESULTS AND DISCUSSION
The breakdown parameters were calculated for an npn bipolar transistor used in the design of a linear IC designed at Sandia National Laboratories. The device characteristics were measured for a typical device and used for the breakdown parameter extraction procedures. A set of Gummel-Poon parameters extracted for the same transistor were also used for the SPICE simulation. A PSPICE routine utilizing the complete macromodel of Figure 2 was then written and used for simulation purposes. Figure 3 shows a typical set of measured and simulated output characteristics of the device. More than one set of breakdown parameters can be calculated for any bjt. They all satisfy the breakdown voltage requirements, but exhibit different degrees of sharpness around the breakdown point. The calculated collector current does not actually go to infinity at BV-because of the way the model is designed, but by proper choice of the breakdown parameters, the I-V curve at that point can have the desired shape and the necessary sharpness. Needless to say, the Gummel-Poon model would not predict any changes in the slope of the characteristic curves without the breakdown model added to the transistor. 
APPLICATIONS
The breakdown model was tested in two application circuits to see the difference in circuit behavior response with and without the breakdown model implemented. Initially breakdown parameters were extracted for a linear array npn transistor with BV,, = 18 V and BV,, = 40 V. The simulator used was PSPICE which is a SPICE based simulator. The first test circuit shown in Figure 5 If no breakdown model is implemented, the output voltage equals 50V, the value of V, , irrespective of the resistance value for R, .
This clearly is not the expected response, since in reality both breakdown voltages (BV,, and BV,,) are below this voltage level. On the other hand, when the breakdown model is implemented, the simulated output signal varies as one would expect. In this case, as seen in Figure 6 , the output level strongly depends on the resistance values used. The second test circuit used for simulation was a current mirror circuit shown in Figure 7 . A sinusoidal current source with a magnitude of 10pA in parallel with a 2.5MQ resistance is applied at the collector of Q2. The sinusoidal current will then periodically change the collector voltage of the transistor. 
APPENDIX
Extrection of the breakdown parameters
The breakdown model of the bjt, as defined by Equations 1 and 2, requires three parameters to be extracted for each specific device. These are I, a l , and yl. Different methods can be used for the extraction of these parameters. At least two methods were formulated and used for this purpose. Each method is based on a certain number of requirements on the breakdown model.
Method 1-This method was based on the requirements that BV,, and BV,, at a specified current be satisfied and that the output characteristic curve should pass through a specified point near the breakdown point BV-
The approach works, but a general concern was that the resulting output characteristics did not show the expected level of "sharpness" at the breakdown point and after that. In other words, the measured output characteristics increased at a faster rate after the breakdown point was reached. The shape of the output characteristics will depend on the point picked on the measured curve. After choosing the requirements for the model, the next step is to develop a method for the extraction of the breakdown parameters. Here is a description of the method used for the parameter extraction procedure using the above requirements.
To satisfy the BV, requirement at a breakdown current of IBv we should have :
is based on the assumption that at the breakdown point when the base is shorted to the emitter, the major collector current flowing is the breakdown current as shown in Figure 9 . This equation is simplified by substituting for I, , from equation 3 and also assuming that eul > 1.0 which will justi@ ignoring the term 1 as compared to the exponential terms. The new form of this equation will then be :
The third equation needed for the calculation of the breakdown parameters is formed by forcing the output characteristics to pass through a certain point. This point should be chosen close to the breakdown point so that breakdown characteristics will be dominant. We designate the device voltage and current corresponding to this point as V, , and b and write the general equation for the transistor current as follows :
If the measured data points V, and b are chosen so that the device is not deeply into breakdown, then I, can be ignored with respect to the other two terms. We also make the simplifying assumption that V, , = VCBM, that, is the base-emitter voltage is ignored with respect to the collector-base voltage. From the measured data, we have the value of the base current I, , for the data point and the above equation can be rewritten as below:
To solve for the three unknown parameters, the general approach is to delete the parameter y l from equations 5 and 6 which gives a nonlinear equation in the form of e' "' . By defining a new variable y = e' ", the equation will be changed to a new simpler form and can be written as where a, b, and p are real variables depending on the breakdown where voltages and breakdown current as well as the additional measured data point used in the calculations. This equation can be easily solved with numerical methods which supplies the value of y and hence a 1. No convergence problems were ever observed for several cases tried. The calculated value of a can then be used in equation 3 to calculate I, and in equation 6 to calculate y 1. Method 2 -In order to improve the shape of the simulated curves in the vicinity of the breakdown point, a second approach was developed. In order to meet the breakdown requirements defined in the first method, equations 3 and 5 have to be used again. The third equation needed for the solution of the parameters, however, will be different from equation 6. Figure 11 helps understand how the next condition is imposed on the output characteristic curve. With the base open and no input currents, the collector current rises exponentially after BV, , , .
At a voltage point of V , , = n BV, , , , the current will be E = m IBv By choosing proper values for n and m, the sharpness of the curve after the breakdown point will be controlled. Both n and m will be larger than unity. Good characteristics were obtained from values of n = 1.1, m = 2.5 -3.0. A simple program was written to supply sets of breakdown parameter values for n = 1.1 and m ranging from 1.1 to 4.0. As the m value increases, the curves will show more "sharpness" after the BV, , point. This method of parameter calculation shows more natural and acceptable breakdown characteristics. Figure 3, shown previously, is a typical comparison of measured and simulated results which use these parameters in the breakdown model. Figure 12 shows the effect parameter m has on the "sharpness" of the output characteristic curve. For n = 1.1, different breakdown parameters can be calculated as m is varied from 1.5 to 3. As indicated in Figure 11 , sharper curves can be expected as larger values of m are used in the parameter calculations. Still, for each set of parameters, the breakdown voltages BV, , and BV, are the same. However, Figure  12 clearly shows the changes in the output characteristics for different values of m. For the npn transistor in the linear array used for extraction purposes, a value of m = 2.5 was chosen as the best value supplying the closest output fit between the measured and simulated results. 
